We fabricated quasi-one-dimensional Co nanochain assemblies and two-dimensional Co nanodot assemblies on Pb/Si(111) substrates by step decoration. The morphology and magnetic properties of these two kinds of Co nanodot assemblies were investigated by in situ scanning tunneling microscopy and magneto-optical Kerr effect measurements. It was found that the steps cannot only improve the uniformity of the Co nanodots, but also increase the critical temperature T c . Monte Carlo simulation indicates that the ferromagnetism mainly originates from the dipolar interactions and the critical temperature T c can be enhanced by introducing an in-plane uniaxial magnetic anisotropy via the step tuned dimensionality variation of the nanodot assemblies.
(Some figures in this article are in colour only in the electronic version) Low-dimensional magnetic nanostructures have received much attention as they possess properties which are distinct from the bulk material [1] . In strategies to fabricate low-dimensional nanostructures, nanodots, which can be controlled via the step decorated surfaces, are usually adopted as the nanoscale building blocks. In the Volmer-Weber growth mode or with buffer layer assisted growth, Fe or Co atoms tend to nucleate and form two-dimensional randomly distributed nanodot assemblies and quasi-one-dimensional nanochain assemblies on flat and vicinal surfaces, respectively [2] [3] [4] [5] [6] [7] [8] . For magnetic nanodot assemblies on supported substrates, dipole-dipole magneto-static interactions [9, 10] and electronmediated indirect exchange interactions [11] [12] [13] exist. Morup pointed out that a transition from a superparamagnetic state to a magnetic ordered state might occur in the 3 Author to whom any correspondence should be addressed. strong dipolar interaction limit [14] . Long-range dipolar interactions have been investigated by the magneto-optical Kerr effect [15] , ferromagnetic resonance [16, 17] , Mössbauer spectroscopy [18, 19] , mean field calculations [20] and Monte Carlo simulations [9, 21] .
In this work, we fabricate Co nanodots on 0.1 • and 4
• miscut Pb/Si(111) substrates. By changing the dimensionality of the nanodot assemblies using step decoration, an enhancement of uniformity and ferromagnetism is achieved. On the basis of Monte Carlo simulation, we point out that the enhancement of critical temperature T c mainly originates from the dipolar interaction between Co nanodots. The experiments were performed in an ultrahigh vacuum system with a base pressure of 2 × 10 −10 mbar. After flashing the 0.1
• and 4
• miscut Si(111) substrates under the wellestablished procedures, atomically flat Pb(111) films (27 ML) • miscut Pb/Si(111) surface, 2.7 ML quasi-one-dimensional Co nanochains and its height and diameters distribution. (b) (90 nm × 90 nm) STM images of 0.1
• miscut Pb/Si(111) surface, 2.7 ML two-dimensional Co nanodots and its height and diameter distributions.
were grown on the Si(111) substrates by Knudsen cell at 120 K (figures 1(a) and (b)). Co nanodots were then evaporated from a Co wire (5N purity) heated by electron beam bombardment at a rate of 0.5 ML min −1 (1 ML = 0.251 nm). The morphology and magnetic properties were investigated by in situ scanning tunneling microscopy (STM) at room temperature and an in situ variable temperature magneto-optical Kerr effect (MOKE) magnetometer, respectively. Due to the large difference in surface free energy (2.0 J m −2 for Co versus 0.5 J m −2 for Pb) and lattice constants between Co and Pb (a Co = 2.5Å versus a Pb = 3.5Å), nanometer-scaled Co dots can be formed on the Pb/Si(111) substrates in the Volmer-Weber mode. As shown in figures 1(a) and (b), Co atoms tend to nucleate and form quasi-one-dimensional nanochains along the vicinal steps on the 4
• miscut Pb/Si(111) substrate, but form twodimensional randomly distributed Co nanodots on the 0.1
• miscut Pb/Si(111) substrate. To avoid the tip effect, during the scanning we used a different tunneling current, and found that the morphology and size of the nanodots are almost unchanged. The line profile of the dots gives the height and the diameter information. By fitting the distribution of heights and diameters of 2.7 ML Co nanochains and nanodots with a Gaussian function, the dispersions a = ( a 2 − a 2 ) 1/2 of the size distributions of the nanochains are narrower than those of the nanodots: h chains = 0.12 nm, d chains = 0.52 nm for Co nanochains, and h dots = 0.19 nm, d dots = 0.61 nm for nanodots. The physical origin of such size uniformity is not yet well known. Gai et al and Liu proposed a phenomenological mean field theory to explain the uniform dots by straininduced thermodynamic nucleation [2, 22] . Because misfit strain may enhance the edge effect, the contact angle between the strained metal islands and substrate increases significantly with increasing size. Furthermore, strain relaxation alone also makes the contact angle increase. The increase in the contact angle between the Co dots and Pb/Si substrate will lead to the uniform size of self-assembled islands. Sufficient diffusion for islands is always believed to change their shape much faster than change their size. In the case of the 4
• miscut Pb/Si (111) substrate, the narrower step edge confines the Co dot diffusion, and consequently results in the improvement of the uniformity. Another interesting observation is that the heights of the Co dots increase but the diameters are almost unchanged with an increase of Co coverage, as shown in figures 2 and 3, respectively. The average volume of the nanodots, V = πh(3a 2 + h 2 )/6, the height and diameter, h and d, respectively have been calculated and summarized in table 1. In the case of Co quasi-one-dimensional nanochains, the center of the height distribution moves down with increasing coverage up to 3.2 ML, implying that the dot assembly is partly percolated. For the two-dimensional Co nanodots, the percolated coverage is up to 4.2 ML. Table 1 The MOKE measurements of the two-dimensional Co nanodot assembly and quasi-one-dimensional Co nanochain assembly reveal a ferromagnetic behavior. Similar to Fe islands grown on the Pb/Si(111) substrates [17] , Co nanodot assemblies also show an in-plane easy magnetization since no magnetization signal can be detected by polar MOKE. Within the surface plane, the hysteresis loops along the chain direction are rectangular and no magnetization signal is detected perpendicular to the chains, which suggests that the Co nanodot assemblies on the vicinal surface show uniaxial magnetic anisotropy along the chains. On the flat surface, similar hysteresis loops along the two in-plane mutual-orthogonal directions with rounded shapes present an isotropic behavior of the nanodot assembly. [11] . The T c of 3.2 ML quasi-one-dimensional Co nanochains is much higher than that measured from 3.2 ML two-dimensional Co nanodots. Even for the 2.2 ML Co nanochains, given the fact that the average volume is about 32% less than that of the 3.2 ML nanodots, the T c is still 32 K higher. The critical exponents β of the quasi-one-dimensional nanochains and two-dimensional nanodots are also estimated by fitting the curves for M r as a function M r = M 0 (1 − T /T c ) β , which yields distinctly different values. In the magnetic phase transition, the decrease of critical exponent is generally interpreted by reducing the dimensionality of a magnetic system [23] .
In addition to the magnetic anisotropy, the critical temperature T c can be also affected by the dipolar interaction between nanodots and the indirect interaction through the conducting electrons of the metallic substrate. In order to investigate the contribution of dipolar interaction to the magnetic properties, we used a Monte Carlo simulation to calculate the magneto-static interaction in the two-dimensional Co nanodots and quasi-one-dimensional Co nanochains, respectively. Assuming that the moments in each Co nanodot are exchange coupled into a single Heisenberg supermoment, i.e., μ i = V i · M s (for hcp Co M s = 1.43 × 10 6 A m −1 ), dipolar inter-and self-energies are computed based on a fast Fourier transform (FFT) method [24, 25] . These two energies provide the coupling and the shape anisotropy respectively. Simulations used periodic boundary conditions and more than 400 nanodots. The actual dot shapes are obtained by the in situ STM images, as described elsewhere [26] .
Consider two Co nanodots i and j , located at a relative position ρ with volumes V i , V j and shape functions D i (r ), D j (r ) respectively. The inter-energy is represented as
where the colon represents tensor contraction, and the element of the N is expressed as
Similarly, the self-energy of the dot i is written as
N is the volume averaged demagnetization tensor and its elements are
Based on the magneto-static interactions presented above, the temperature dependence of normalized remnant magnetizations for selected nanochain and nanodot assemblies are plotted in figure 5(a) . All the calculated results reproduce the experimental data well. Compared with the 3.2 ML nanodots, 2.2 ML nanochains reach higher T c , which implies that the inter-dot coupling dominates the magnetic behavior rather than the self-energy. To further examine the effect of the dipolar interactions in the low-dimensional nanodot assemblies on magnetic properties, we recalculate the M-T curves of 2.2 ML nanochains and 3.2 ML nanodots without the interenergy term (the inset of figure 5(a) ). It was found that both the quasi-one-dimensional nanochains and the two-dimensional nanodots have almost the same M-T behaviors, and with much lower T c values (about 35 K), if the inter-dot coupling vanishes. Figures 5(b) and (c) show the calculated hysteresis loops of the nanodots and nanochains along the two mutual-orthogonal in-plane directions as defined in figure 1 . An in-plane magnetic isotropy in the nanodots and a uniaxial magnetic anisotropy in the nanochains are observed, respectively. These calculated hysteresis loops indicate that the ferromagnetism mainly originates from the dipolar interactions, which can be enhanced via the step tuned dimensionality variation of the nanodot assemblies. In summary, we demonstrated the tunability of both the Co nanodot uniformity and the magnetic anisotropy via step decoration on the Pb(111) surface. On the basis of Monte Carlo simulation, it is concluded that the inter-dot dipoledipole interaction plays an important role in determining the ferromagnetism and in enhancing the critical temperature T c .
